ABSTRACT The residual phytase activity, phytic acid P content, and microstructure of the digesta along the gastrointestinal tract (GIT) of broiler chickens fed a corn expressing microbial phytase was studied in a 14-d experiment. The phytase activity of the corn expressing phytase (CBP) was determined to be 660 phytase units/g and was incorporated into broiler diets at varying rates. One hundred forty-four 7-d-old male broiler chickens were grouped by weight into 8 blocks of 3 cages with 6 birds per cage. Three dietary treatments were randomly allotted to the cages within blocks. The corn-soybean meal-based diets consisting of low P and Ca (no added inorganic P) supplemented with 0 (control), 55, or 550 g/kg of CBP (substituting corn) were formulated to contain 0 (control), 36,300, or 363,000 phytase units/kg of phytase activity, respectively. Birds were fed the dietary treatments for 14 d when they were killed and digesta samples from the proventriculus and gizzard, jejunum, and ileum were collected. The residual phytase activity along the GIT increased linearly and quadratically (P < 0.01) with the addition of CBP to the control diets. There was a decrease (P < 0.01) in residual phytase activity as digesta moved distally along the GIT with CBP supplementation. Phytic acid P content significantly decreased (linear, P < 0.01; quadratic, P < 0.05) with CBP supplementation of the control diets. There was substantial degradation (linear and quadratic, P < 0.01) of phytic acid content caudally along the GIT of birds. Extensive cell wall degradation of digesta samples from the proventriculus and gizzard in broilers fed the highest level of CBP compared with birds fed the control diets was observed. The addition of CBP to control diets led to a rapid degradation of the cell walls of digesta and a marked reduction in phytic acid P concentration of digesta in broiler chicks.
INTRODUCTION
Most of the P in animal manure is from phytatebound P in the diet. A high level of P in animal manure has been implicated in environmental pollution (Biehl et al., 1998) because of the inorganic P supplementation of the diets necessitated by the nominal level of phytase (myo-inositol hexakisphosphate phosphohydrolase) activity in the gastrointestinal tract (GIT) of nonruminant animals. To curtail the amount of P reaching the environment from animal manure, microbial phytase is routinely added to diets to improve P utilization (Ravindran et al., 1995; Leske and Coon, 1999; Onyango et al., 2005a) . Exogenous addition of phytase to diets is effective in improving phytate P digestibility by hydrolyzing the phytic acid molecule and making available to nonruminant animals otherwise inaccessible P (Ravindran et al., 1995) . An Escherichia coli phytase expressed in corn (CBP) has been demonstrated to improve growth performance and indices of P utilization in nonruminant animals fed P-deficient diets (Nyannor et al., 2007; Nyannor and Adeola, 2008) .
For an exogenous phytase to be effective, it must maintain significant phytase activity within the GIT of nonruminant animals and as a result must withstand hydrolytic cleavage by the gut secretory enzymes and the variable pH environment of the GIT. In this study, the residual phytase activity of CBP along the GIT of broiler chickens was evaluated in a 14-d study. Digesta were collected from the proventriculus and gizzard, jejunum, and ileum of the chickens used in one of the studies reported by Nyannor and Adeola (2008) . The effect of CBP supplementation on the phytic acid P content of the digesta in the proventriculus and gizzard, jejunum, and ileum was also determined as well as an examination of the effect of CBP addition to broiler chick diets on the microstructure of the digesta.
It was hypothesized that addition of CBP will reduce the phytic acid P content of digesta and phytase activity will decrease distally along the GIT.
MATERIALS AND METHODS
All animal procedures were approved by the Purdue Animal Care and Use Committee.
Dietary Treatments
The ground corn expressing phytase was determined to have a phytase activity of 660 phytase units (FTU)/g. One FTU is defined as the quantity of enzyme required to hydrolyze 1 µmol of inorganic P/min, at pH 5.5, from an excess of 15 µM sodium phytate at 37°C (International Union of Biochemistry, 1979) . The gene source of the phytase enzyme in the corn is an E. coli-derived 6-phytase evolved for greater thermostability. The phytase gene was evolved from the wild-type E. coli phytase using Gene Site Saturation Mutagenesis technology of Diversa Corporation (San Diego, CA), with the selection pressure being that of thermotolerance. The evolved gene was then inserted into corn as a production host. The 3 dietary treatments were a control basal diet (NC) low in Ca and P with no inorganic P supplementation, NC supplemented with 55 g of CBP/kg (CBP1), and NC supplemented with 550 g of CBP/kg (CBP2). Thus, the NC, CBP1, and CBP2 were formulated to contain 0, 36,300, or 363,000 FTU/ kg, respectively, and analyzed composition is as shown in Table 1 . Three cages of birds in each of 8 blocks of equal body weight were randomly allotted to 3 diets.
Birds
One-day-old male Ross 308 broiler chicks were wingbanded and maintained in electrically heated (35°C any variation in behavior. On d 21, feed consumption was recorded, birds were killed by CO 2 asphyxiation, and digesta samples from the proventriculus and gizzard, jejunum, and ileum were collected and pooled per cage. Digesta from the proventriculus and gizzard were pooled; jejunum is the section from the distal end of the duodenal loop to Meckel's diverticulum, and the ileum is the section from Meckel's diverticulum to the ileocecal junction. All samples were kept frozen at −21°C until analyses.
Chemical Analyses
The digesta samples from the various sections of the GIT were freeze-dried. The dried digesta samples and the diets were ground and mixed thoroughly before analyses. For DM determination, digesta and diets were oven-dried to a constant weight at 105°C for 24 h. The determination of phytase activity and phytic acid P was conducted at Sciantec Analytical Services Ltd. (North yorkshire, UK). Phytase activity was determined according to the method of Engelen et al. (2001) with modifications, optimized for the E. coli phytase, involving the use of 250 mM acetate buffer, 0.1% Tween, and ammonium heptamolybdate and ammonium vanadate as yellow color reagents. Total phytic acid in the ingredient was determined by HPLC as described by Rounds and Nielsen (1994) after postcolumn reaction with ferric sulfosalicylate and detection at 500 nm. For the preparation of the microscopy slides at VTT Technical Research Center of Finland, VTT Biotechnology (Espoo, Finland), the digesta samples from 8 cages of birds fed each of NC, CBP1, or CBP2 diet were pooled. Diet or digesta samples were wetted with a drop of water and small pieces of the paste were embedded in 2% agar; fixed in 1% glutaraldehyde in 0.1 M phosphate buffer, pH 7.0; dehydrated with ethanol; embedded in Historesin (Leica, Heidelberg, Germany); and sectioned. The sections (2 µm) were stained with 0.1% aqueous toluidine blue for cell walls and phytate globoids, 0.01% (wt/vol) Calcofluor White M2R (Sigma no. F3543; Sigma Diagnostics Inc., St. Louis, MO) for β-glucan, and 0.1% (wt/vol) acid fuchsin for protein. Two sample pieces for each diet and digesta from proventriculus and gizzard, jejunum, and ileum from each treatment were prepared for microscopy. The diet and digesta samples for the determination of Cr and total P contents were prepared by a nitric-perchloric acid wet ash (method 968.08D [b] ; AOAC, 2002). The concentration of P was determined by using a colorimetric assay. Briefly, acid molybdate and Fiske-Subbarow reducer solution were added to the wet ash acid digest to form a phosphomolybdenum complex. The blue color intensity, measured with a spectrophotometer (SpectraCount model AS 1000, Packard Instrument Co., Downers Grove, IL) at 620 nm (method 965.17; AOAC, 2002) , was proportional to P concentration. Chromium content of the wet acid ash was determined by spectrophotometry (Spectronic 21D, Milton Roy Co., Rochester, Ny) at a wavelength of 440 nm. The ratio of Cr in the diet to that in the intestinal digesta was used to convert intestinal digesta phytase activity and phytic acid content to DM intake basis.
Statistical Analysis
The quantitative data were analyzed using the GLM procedures of SAS (SAS Institute, 2006) appropriate for a randomized complete block design in a split-plot analysis with diet as the main plot and gastrointestinal section as the subplot. Cage served as experimental unit and contrasts were used to determine linear and quadratic responses to CBP supplementation of diet with coefficients for unequally spaced levels using PROC IML of SAS (SAS Institute, 2006) and contrasts of proventriculus and gizzard vs. jejunum and jejunum vs. ileum. Statistical significance was determined at an α level of 0.05.
RESULTS
The analyzed phytase activity in the diets is shown in Table 2 . There was no detectable phytase activity in the control diet. The phytase activity in CBP2 was formulated to be 10 times as much as the activity in CBP1. This difference in magnitude of phytase activity between CBP1 and CBP2 was reflected in the differences between the residual phytase activity in the various sections of the GIT for birds fed CBP1 and CBP2 diets. Phytase activity was barely detectable in the digesta of birds fed the NC diets, but residual phytase activity (on DM intake basis) in the proventriculus and gizzard of birds fed CBP1 and CBP2 was approximately 38 and 30%, respectively, of the phytase activity in the diets ( Table 2 ). The change in residual phytase activity in the jejunum was more drastic, approximately 26 and 18% of the phytase activity in the diets for birds fed CBP1 and CBP2, respectively. Generally, there was a decrease (P < 0.01) in residual phytase activity as digesta moved distally along the GIT of broiler chicks. By the time digesta reached the ileum, there was only 7 and 9% of CBP1 and CBP2 residual phytase activity, respectively. Phytic acid P content in the proventriculus and gizzard of birds did not differ among the treatments, but in the jejunum and ileum, linear (P < 0.01) reduction in phytic acid P with CBP supplementation of control diets was observed. In birds fed the control diets, phytic acid P content was not significantly different along the GIT. Figures 1 to 3 show the micrographs of the diet and digesta samples from the proventriculus and gizzard, jejunum, and ileum of birds fed either the control or CBP2 diets. The calcofluor stains intact β-glucancontaining cell walls blue and lignified cell walls appear yellow. Fuchsin acid stains proteins red, but starch, which is unstained, appears black. Toluidine blue stains cell walls violet (soybean) or blue (corn), protein slightly turquoise or blue, and phytate globoids purple. Both diet samples rich in protein contained large number of particles from corn bran and endosperm, and soybean cotyledons and seed coats. Phytate globoids were seen in corn embryo and aleurone cells of control and CBP2 diet samples (Figure 1) . The particle size of the samples from the proventriculus and gizzard (Figures 2 and 3 , top row) was much more diminished and appeared to contain less protein compared with the diet samples. There was much more extensive cell wall degradation in digesta samples from the proventriculus and gizzard of birds fed the CBP2 diet compared with those birds fed the control diet. The digesta samples from the birds fed the control diet contained large soybean particles and large amounts of small cell wall fragments. No phytate globoid was detected in either sample from the proventriculus and gizzard. The digesta samples from the jejunum (Figures 2 and 3 , middle row) had much smaller particle size and contained less protein than the samples from the proventriculus and gizzard with no phytate globoid. Further degradation of the cell walls had occurred forming a matrix that was embedded with the bran and seed coat particles, but phytase addition did not appear to result in any difference in cell wall matrix between the digesta samples from birds fed the control diet or CBP2 diet. By the time digesta reached the ileum (Figures 2 and 3 , bottom row) there was further degradation of cell walls and the cell wall matrix, which tended to concentrate the bran and seed coat particles, but there appears to be no difference in cell wall matrix between the digesta samples with CBP supplementation of control diets. As observed in the proximal sections of the GIT, no phytate globoid was detected in the ileum.
DISCUSSION
The ubiquitous nature and degradation of phytate to myo-inositol phosphate components and orthophosphate by phytate-degrading enzymes has been studied extensively (Konietzny and Greiner, 2002) . Phytases have considerable differences in pH optima, catalytic activity, and mechanism of dephosphorylation of phytic acid (Liu et al., 1998) . Onyango et al. (2004) demonstrated in broiler chickens that the yeast expression system in which an E. coli phytase is expressed affects the efficacy of the microbial phytase. The production of an Aspergillus niger phytase gene in canola (Zhang et al., 2000) and tobacco seeds (Pen et al., 1993) revealed that although there were some measure of differences with glycosylation of the transgenic and the microbial phytase, they were otherwise identical and equally efficacious in phytate degradation. Phytate degradation, resistance to proteolytic cleavage in terms of residual phytase activity, and effect of phytase supplementation on the microstructure of the digesta when corn expressing E. coli phytase was added to diets were assessed in the current study. The addition of CBP to the control diets increased residual phytase activity with a concomitant reduction of phytic acid P concentration and degradation of cell wall contents of the digesta in the GIT.
The lumen of proventriculus and gizzard of chickens is a highly acidic environment due to the secretions of HCl and pepsinogen by oxynticopeptic cells; however, the presence of ingesta maintains the pH in the proventriculus and gizzard normally at about 4.6 (Denbow, 2000) . The pH optimum for phytase activity in E. coli phytases has been found to be 4.5 (Igbasan et al., 2000) . Adeola et al. (2004) found that there was a rapid reduction in the P-releasing ability of an E. coliderived phytase above a pH of 6 and that the optimal pH range for the phytase was within 4.5 and 5.5. The pH range in the jejunum and ileum of chicken is reported (Denbow, 2000) to be between 5.8 and 5.9 and 6.3 and 6.4, respectively. Susceptibility of the dietary microbial phytase to proteolytic cleavage rather than the pH in the proventriculus and gizzard, in all likelihood, resulted in the drastic reduction in phytase activity in the proventriculus and gizzard compared with activity in the diet. The decrease in phytase activity in the caudal sections of the GIT is consistent with the findings of Onyango et al. (2005b) . There were significant linear reductions in small intestinal digesta phytic acid P concentrations with phytase supplementation. In a time-course analysis, Adeola et al. (2004) , using 500 FTU E. coli-derived phytase hydrolysis of phytate in corn and soybean meal demonstrated a curvilinear response to microbial phytase supplementation. The hydrolysis of most of the phytic acid in the small intestine with phytase supplementation would have major nutritional benefit because absorption of most nutrients occurs in the jejunum and ileum. Concerns have been expressed over the effect of phytase supplementation on the release of phytic acid P in manure due to the residual phytase activity in the excreta or feces (Applegate et al., 2003) . The drastic loss in phytase activity in the digesta from the ileal region (less than 9% of residual activity compared with initial phytase activity in the diet) illustrates that such phytase activity would be negligible in the hindgut region and therefore might not pose much of a problem in increasing the concentration of water-soluble P in manure.
The beneficial effects of phytase supplementation are sometimes attributed to factors other than the release of P from phytic acid in diets for nonruminants (Adeola Figure 1 . Micrographs of diets stained with calcofluor and acid fuchsin (top row). Calcofluor stains intact β-glucan-containing cell walls blue (aleurone layer and starchy endosperm), lignified cell walls appear yellow (pericarp). Fuchsin acid stains proteins red. Starch is unstained and appears black. Bottom row is diet samples stained with toluidine blue. Toluidine blue stains cell walls violet (soybean) or blue (corn), protein slightly turquoise or blue, and phytate globoids purple. Black arrows identify some phytate globoids in the diets. Left-hand side: control diet with no phytase supplementation; right-hand side: inclusion of corn expressing phytase at 550 g/kg of diet. Cowieson and Adeola, 2005) . The detection of phytate globoids in the diets is consistent with previous works (Onyango et al., 2005b ) that reported the presence of phytate globoids in corn-soybean meal diets. The lack of phytate globoids in the digesta sample could be due to the breakdown of cell wall components. Detection of phytate with toluidine blue stain in relatively intact cell structures has been demonstrated (Bergman et al., 2000) . Onyango et al. (2005b) detected differences in the presence of phytate globoids in the crop between broiler chicks fed diets either supplemented or not supplemented with phytase but found no phytate globoids in the caudal sections of the GIT. The higher phytic acid P contents of the digesta from birds fed the control diets compared with those birds fed the CBP-supplemented diets indicate that although phytase supplementation had effectively reduced the amount of phytic acid P, the microstructure of the digesta in the caudal sections of the GIT is a less sensitive index of the efficacy of microbial phytase supplementation due to difficulty with detection of phytate globoids with degraded cell wall structures. Phytic acid P content appears to be a more reliable index of the effectiveness of microbial phytase supplementation of broiler diets. Micrographs of digesta samples stained with calcofluor and acid fuchsin. Calcofluor stains intact β-glucan-containing cell walls blue (aleurone layer and starchy endosperm) and lignified cell walls appear yellow (pericarp). Fuchsin acid stains proteins red. Starch is unstained and appears black. Top row = digesta samples from proventriculus and gizzard; middle row = digesta samples from the jejunum; bottom row = digesta samples from the ileum. Left-hand side: control diet with no phytase supplementation; right-hand side: inclusion of corn expressing phytase at 550 g/kg of diet.
The addition of corn expressing phytase to diets low in P and Ca elevated residual phytase activity in the digesta in the proventriculus and gizzard, jejunum, and ileum of broiler chicks with concomitant depletion of phytic acid P. Residual phytase activity decreased caudally along the GIT. Extensive cell wall degradation of digesta occurred in the proventriculus and gizzard of birds fed corn expressing phytase compared with the control group. It can be concluded that CBP maintains a significant level of phytase activity in the proximal sections of the GIT and effectively depletes phytic acid P in broiler chickens as well as enhances cell wall degradation.
